
Report 14354-M-9

HYDROGEN-OXYGENHIGHPc APSENGINES
NAS3-14354

Period Ending 30 July 1971

L. Schoenman

5 August 1971

(_ASA-_-I21516J h_C_O6gN-_X¥3£_i _c ArS
g_Gi._,£o Tec_I_ical _e[_o_t, pe£iod endi:lq 2C
Ju_. 1971 (A_ro]e% L±qui_ 7ccket Co.) 31 [:

Engine Components Department

Aerojet Liquid Rocket Company

Sacramento, California

Prepared for

NASA-Lewis Research Center

Cleveland, Ohio 44135

/

/

..<. j.6_ £

O0/ZO 22711

AEROJET LIQUID ROCKET COMPAHY
SACRAMENTO, CALIF:'ORNIA • A DIVISION O_ AEROJET-C, ENERAL-

/'



Report 14354-M-9

FOREWORD

The purpose of this contract is the development of a comprehensive

technology base for high performance, long life, gaseous hydrogen-gaseous

oxygen rocket engines suitable for the Space Shuttle APS. Significant goals

in thruster design are a 50-hour firing life over a 10-year period, with up

to 106 restarts, and single firings up to I000 sec.

The program was initially structured as two parallel efforts: one

directed toward high pressure (i00 to 500 psia) systems and the other toward

low pressure (i0 to 20 psia) systems. Nominal engine thrust in each case is

1500 lb. Initial program tasks were devoted to the analytical evaluation

and screening of injector and cooled thrust chamber concepts for both pressure

levels. This was followed by closely paralleled but separate experimental

evaluations of low and high pressure injectors and ignition devices. Recommen-

dations of specific injector and igniter designs have been made for both

pressure levels as a result of these tests.

As these parallel efforts were about to enter the cooled chamber

fabrication phase, the program was redirected to apply additional emphasis on

the high P technology with a revised schedule on propellant inlet temperatures.
c

Activities on the low pressure phase were terminated by a stop work order,

which eliminated the requirements for a portion of the injector testing and

all of the low P cooled chamber fabrication, durability and pulse testing.
c

The program's resources originally planned for these activities have been

reallocated to expand design and test efforts related to the lower temperature

gaseous propellants. The high P technology effort is now in, the full 40:1
c

nozzle/thrust chamber, assembly, test phase.

Mr. L. Schoenman, project manager for the high pressure phase, reports

to Dr. R. J. LaBotz, who is program manager of all ALRC APS thruster programs.

The NASA Lewis Research Center program manager is Mr. J Gregory.
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I • PROGRAM OBJECTIVES

The primary objective of this contract is to generate a comprehensive

technology base for high performance gaseous hydrogen-gaseous oxygen rocket

engines suitable for the Space Shuttle Auxiliary Propulsion System (APS).

Durability requirements include injector and thrust chamber designs capable

of 50 hours of firing life over a 10-year period with up to 106 pulses and

single firings up to i000 sec. These technical objectives are being accom-

plished and reported upon in a 28-task program summarized below. The first

i0 tasks relate to high pressure APS engines, parallel tasks XI through XX

relate to lo____wwpressure APS engines, and task XXI is a common reporting task.

The additional tasks are for the expanded High Pc Low Temperature Program.

Task Titles High P Task
c

Amb. Prop. Low Temp Prop.

Injector analysis and design I* XXII

Injector fabrication II* XXIII

Thrust chamber analysis and design III* XXIV

Thrust chamber fabrication IV* XXV

Ignition system analysis and design V* --

Ignition system fabrication and checkout VI* --

Propellant valves preparation VII* --

Injector tests VIII* XXVI

Thrust chamber cooling tests IX XXVII

Pulsing tests X XXVIII

Common Task

Reporting requirements XXI

Low P Task
c

Xl*

XII*

Xlll*

Xl V*

XV*

XVI*

XVl I*

XVIII*

XIX*

XX*

*Completed tasks for revised program.
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II. PROGRESS BY TASK

A. AMBIENT PROPELLANT TASKS

I. Tasks I through VIII

report period.

All activities on these tasks were completed prior to this

2. Task IX - Cooled Thrust Chamber Testing

At the close of the report period, the following test

conditions had been successfully demonstrated on the film cooled chamber design.

P psia I00 300
c

Mixture Ratios 3 through 5

Fuel Temperature 200 - 550°R

Oxidizer Temperature 320 - 550°R

5OO

A summary of test conditions, test measurements, and performance

data are presented in Table I. A description of these tests were presented in

earlier reports.

3. Task X - Pulse Testing

No activity.
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II, Progress by Task (cont.)

B. LOW TEMPERATURE PROPELLANT TASKS

I. Task XXII - Inlector Analysis and Design

Design of light-weight, low volume injector manifolds

suitable for low temperature propellants were completed in earlier report

periods. The "I" pattern premix triplet face plates for S/N-6 injector were

optimized based on the single element cold flow mixin_ test results reported in

Task I, and the results of hot fire tests reported in Task VIII. The cold flow

test results provided the optimum propellant momentum ratios and optimum geometry

of the non-clrcular fuel orifices. The hot fire test results provided empirical

data relating fuel orifice configuration to injector face temperature. The

oxidizer orifice was also redesigned to provide a long L/D configuration and to

allow propellant injection velocity and pressure drop to be independently

optimized. Figure I provides a comparison of the three premix triplet injector

elements evaluated in this program.

As of the end of this report period, the only remaining

design activity is the final selection of the face plate pattern for the S/N-7

"I" unit which will be used with the S/N-3 regeneratively cooled chamber.

2. Task XXIII - In_ector Fabrication

S/N-6 "I" premix triplet injector fabrication, instrumentation,

and cold flow testing was completed during this report period. Fabrication and

assembly of the component went exceptionally well. This injector was successfully

tested in Task XXVI. The manifolding for the second unit S/N-7 which is identical

to S/N-6 was also assembled via conventional hydrogen furnace braze and electron

beam welding techniques, following the successful fabrication and testing of the

first unit. Fabrication and assembly of the second body proved to be as excep-

tionally simple and smooth as the first. The remaining activities on S/N-7 involve:

Page 3
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II,B,2, Task XXIII - Injector Fabrication (cont.)

(1)

(2)

(3)

(4)

(5)

bonding the selected face plate pattern

welding the oxidizer inlet line

final machining of seal surfaces

cold flow

instrumentation (six face thermocouples)

3. Task XXIV - Cooled Chamber Analysis and Design

As of the close of the report period, checked and released

drawings were available for the three chambers being designed under this task

as follows:

(i)

(2)

(3)

film cooled chamber for 250°R H 2

regeneratively cooled chamber for 250°R H 2

llght-welght film/dump cooled chamber suitable

for reentry heating temperatures to 2000°F

Additional activities completed under this task were: (I) evaluation of

metallic and nonmetallic skirt materials and coatings suitable for service at

temperatures from 2000 to 3000°F, and (2) method of mechanically attaching these to

current chamber designs.

Remaining activities in this task consist of completion of the

life cycle analysis of the regeneratively cooled chamber assuming the boundary

layer laminarizes and the life analysis of the manifolding of the film cooled

chamber.
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II,B, Low Temperature Propellant Tasks (cont.)

4. Task XXV - Cooled Chamber Fabrication

a. Regeneratively Cooled Chamber

Fabrication was initiated on S/N-3 regeneratively cooled

chamber which was described in the last quarterly report. As of the close of

this report period, fabrication was about 50% complete on both the slotted

copper body and outer stainless steel jacket. The constant width (.062-.063 in.)

variable depth slots were being cut along the contour using a tracer template at

an average speed of 7 minutes per slot. Cutting tool life has been excellent.

Fabrication of the coolant channel structural closeouts by photoetching trusses

in .0625 steel plate were proceeding satisfactorily.

This chamber is scheduled to be delivered for final

instrumentation in the latter part of August.

b. Film Cooled Chamber

There were no additional fabrication activities on the film

cooled chamber beyond those listed in Quarterly Report #4. Fabrication activities

were suspended pending the outcome of a structural analysis of a nonrestraining

fuel inlet manifold.

5. Task XXVI - In_ector Checkout Tests (Test Series 1680-D04)

a. Test Summary

Testing on this series was initiated in J-3 Altitude Test

Facility with the following hardware:
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ll,B,5,a, Test Summary (cont.)

S/N-6 "I" premix triplet injector

S/N-I Film cooled chamber

25-ib thrust spark igniter

Spacer ring which adapts S/N-6 injector to S/N-I
film cooled chamber

Facility operation and valves are identical to those discussed in earlier

reports.

Testing during this report period proceeded as follows:

Tests 001-006 included facility checkout tests and a series of short l-sec firings

to check out the new injector face temperatures.

Test 007 was a nominal 300 psia test at TCAMR of 4.0, and 25% fuel film

cooling. Steady-state thermal conditions were achieved throughout the chamber

in this test.

Tests 008 & 009 were to be MR and film cooling survey tests. These were both

terminated early because of an inoperative fuel film cooling valve. (In the

MR - film cooling survey tests, a separate flow circuit and valve is employed to

vary film cooling flow.) Failure of the valve to function in the latter test

resulted in a burnout of the steel wall immediately downstream of the film

cooling injection ring and damage to the tip of the copper ring.

Test 012 damaged S/N-I film cooled chamber was replaced with S/N-2 unit

which differs from S/N-I in that it contains a zirconium copper liner rather than

OFHC, and the skirt was unlnsulated. Test 012 was of 100-sec duration and

provided the following nominal data points at 300 psia chamber pressure.

MR % FFC

4 29, 24, 19, 17

5 29, 24
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ll,B,5,a, Test Summary (cont.)

Test 014 was conducted with the same hardware at a chamber pressure of 500 psia

for approximately 12 seconds. Data points on this test include:

M_RR % Cooling

4 25

5 25

Test 015 was a low temperature propellant test at 300 psia. This test was

terminated by computer malfunction detection system at FS 1 + .150 sec because

the desired chamber pressure was not achieved. Failure to achieve ignition

and thus chamber pressure was a result of not having the igniter power supply

turned on. The preprogrammed computer monitoring system functioned exactly

as expected.

Test 017 was a cold propellant test of 20-sec duration at 300 psia. Testing

was terminated early because the mixture ratios could not be controlled by

the computer due to very low oxidizer temperature. Temperatures below 320°R

produce two-phase flow in the critical flow venturies. Propellant temperatures

experienced during this test were 170°R for the fuel and 280°R on the oxidizer.

Test 018 was a 100-sec repeat test at 300 psia with slightly warmer oxidizer.

Data points obtained are as follows:

Data Period

(sec) MR % FFC

5-12 3 18.9

16-24 3 13.9

25-27 3 19.4

30-33 3 24.7

35-45 4 24.6

47-58 4 19.9

60-70 4 17.7

72-74 4 20.3

76-79 4 24.7

81-91 5 22.7

94-101 5 18.7

Hardware inspection following this series of tests showed all components in good

condition.
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II,B,5, Task XXVI - Injector Checkout Tests (cont.)

b. Test Results

(I) Performance

Measuredperformance data and computedparameters

are summarizedin Table I. These results are presented graphically in

Figures 2 and 3. Figure 2 provides a comparison of the specific impulse for

300 psia ambient propellant operation at mixture ratios of 3 to 5 with film
cooling flows of 15 to 30%. The lower portion of this figure provides

additional dimensionless parameters including: %c* uncorrected, %of theoretical

specific impulse, and %core energy release efficiency. The method of computing

these parameters was presented in earlier reports.

S/N-6 "I" performance was found to be in good

agreementwith S/N-5 "I" data. The slightly higher performance on S/N-6 is
attributed to the more uniform manifolding flow distribution and optimized

element geometry. The film cooled chamberwill require approximately 20%fuel
film cooling to provide a life cycle capability of 105 thermal cycles at the

throat.

The delivered vacuumspecific impulse for this

injector with the film cooled chamberat nominal operating conditions is

433 sec cold propellants (200°R fuel)

444 sec ambient propellants (530°R fuel)

Figure 3 provides a comparison of how each of the
tested injectors behave when operated at off-design conditions; namely, chamber

pressures of 300 and 500 psia, mixture ratios of 3 to 5, and respective O/F

propellant temperatures of 320/200°R to 560/560°R. The significant aspect of

the new injector design is that the %combustion efficiency is not influenced

by propellant temperatures.
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ll,B,5,b, Test Results (cont.)

(2) Face Temperatures

Figure 4 provides a comparison of measured S/N-6

injector face temperatures with those recorded on S/N-3, -4, and -5 units.

S/N-6 injector contains six face thermocouples located at three radial and

two circumferential positions, as shown in Figure 5. Face temperatures on

the S/N-6 "I" triplet are for the most part comparable to the cooler running

S/N-4 triplet temperatures. The table in Figure 5 provides a list of these

temperatures at various test conditions.

(3) Chamber Wall Thermal Data

The peripheral temperature patterns produced by

S/N-6 injector in the film cooled chamber were very uniform. These are shown

in Figure 6. The one slightly hotter area on the left side of the chamber is

due to a small dent in the film coolant injection ring which occurred in the

final fabrication assembly.

Thrust chamber wall temperatures at all of the

ii axial stations monitored were slightly cooler than those experienced with

Task I injectors at the same flow conditions.

III. WORK DURING NEXT REPORTING PERIOD

Tasks I through VII - These tasks are complete; no new activities are

planned.

Task IX - It is planned to complete testing in this task during the

month of August.
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III, Work During Next Reporting Period (cont.)

Task X - Set up and initiate pulse testing per the NASA approved

test plan.

Task XXII The faceplate pattern will be selected for S/N-7 premix "I"

triplet based on the results of S/N-6 injector checkouts and bulk temperature rise

data recorded on the regeneratively cooled chamber.

Task XXIII - Fabrication, cold flow and instrumentation of S/N-7

injector is to be completed during the month of August.

Task XXIV - Activities in the chamber design task will focus on

verification of chamber life predictions using test data obtained in Tasks IX

and XXVI 40:1 thruster testing.

Task XXV - Chamber fabrication will consist of completing fabrication

of S/N-3 regeneratively cooled chamber, including those thermocouples which

are brazed on the chamber wall.

Per approval of the NASA program manager, fabrication of a new film

cooled chamber design optimized for use with low temperature propellants will

not be completed. Parts completed to date, namely the spun Haynes 188 throat,

will instead be employed to repair S/N-I film cooled chamber which was damaged

in Task XXVI testing due to the failure of the film cooling valve to open. This

action was recommended on the basis that the projected time required to fabricate

the revised design was not compatible with the program schedule. A portion of

the funding planned for this activity will be used to repair the S/N-I chamber.

The remainder will be employed to expand structural and thermal analytical

efforts related to these chamber designs.
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III, Work During Next Reporting Period (cont.)

Task XXVI Checkout testing of new low temperature injectors with

Task III film and regeneratlvely cooled chamber designs is to be completed

during the next report period.

Tasks XXVII and XXVIII - Test plans for these activities will be

prepared and submitted for NASA program manager approval.

IV. PROBLEM AREAS

There are no technical or financial problem areas in this program.

An accumulation of small slippages throughout the program, however, has produced

a marginal condition on program schedule. It will be possible to complete the

planned technical program by 15 October only if additional delays can be avoided.

Page II
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FORECASTANDCONSUMPTIONOFGOVERNMENT-FURNISHEDPROPELLANTS

Contract NAS3-14354

June/July
Monthly Next Month's Next 3-Month

Material Usage Cumulative Requirements Requirements

LO 2 (ton) 36.6 60 40 140

LH 2 (Ib) 0 7210 0 0

LN 2 (ton) 68.2 485 150 400

GHe 103 (SCF), Bulk 0 99,100 12.5 25

GHe 103 (SCF), 0 0 19 7

Cylinders

Page 12
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Figure 4. Injector Face Temperatures
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TJ 4-10

TJ 3-10

TJ ]_-20

Injector Face Thermocouple Location

(S/N-6 and S/N-7)

f

S/N-6 Face Temperatures**, OF

ML_ 3 4 5 4 5

_2 Temp °R 200 200 200 530 530

TJ 1-20 346 259 193 756 805

TJ 2-20 178 187 190 566 381

TJ i-I0 * * * 546 555

TJ 2 I0 220 210 227 529 367

TJ 3 I0 250 265 288 555 567

TJ 4 I0 375 260 364 813 808

*TC Junction Open

**300 _sia MR = 4.0 25% FFC - S/N-I FC Chamber

Figure 5. Injector Face Thermocouple Locations

(S/N-6 and S/N-7)
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Test No. 1680-DO4-OA-012

P - 299 MR = 3.8 25% FFC
¢

Figure 6


